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POWER AMPLIFIER PROTECTION 

CROSS-REFERENCE TO RELATED APPLICATIONS 
tOOOl] The present application claims priority to commonly 
assigned U.S. Provisional Patent Application No. 60/470,629, 
filed on May 15, 2003, which is incorporated herein by reference 
in its entirety. 

BACKGROUND 

[0002] This disclosure relates to electrical circuits. 

[0003] Radio frequency (RF) power amplifiers for conventional 
wireless communication applications can be subjected to elevated 
voltages. Conventional RF power amplifiers are typically 
constructed using, e.g., gallium arsenide (GaAs) heteroj unction 
bipolar transistors (HBTs) or silicon germanium (SiGe) bipolar 
transistors, which can break down under such elevated voltages. 
For example, a sub-micron (e.g., .35 ]um) SiGe bipolar transistor 
has a base -collector breakdown voltage of approximately 5-8 
volts. The elevated voltages can occur due to output load 
mismatch, and the like. Output load mismatch can occur, for 
example, when an antenna that is being driven by an RF power 
amplifier comes into contact with a foreign object or when a 
transmitter switch is open. Under mismatched conditions, the 
voltage at the collector of an output transistor can exceed the 
transistor's base-collector breakdown voltage. 
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[0004] FIG. 1 shows a graph of voltage vs. time for a collector 
of an output transistor of a wireless device. During the time 
shown a continuous mismatch condition was present (e.g., the 
antenna was in contact with a foreign object.) The device used 
was powered by a 3 volt supply, however, as shown in the graph 
the peak voltages at the collector often exceeds twice the power 
supply voltage. 

[0005] A conventional peak detection circuit can be used to 
avoid excessive collector voltages. A conventional peak 
detection circuit pulls the base node of the output transistor 
to ground (i.e., turns the output transistor off) upon detection 
of a collector voltage peak 100 that is greater than, e.g., 5 
volts. As the output transistor turns off, the collector 
voltage falls to zero. The output transistor turns back on at 
point 102 as the base node of the output transistor approaches 
the base-emitter threshold (e.g., 0.7 volts). Due to the 
continuous mismatch, a second collector voltage peak 104 occurs 
shortly thereafter, and the conventional peak detection circuit 
turns off the output transistor. This cycle repeats as long as 
the mismatch remains, as represented by subsequent collector 
voltage peaks 106, 108, 

[0006] As shown in FIG. 1, each of collector voltage peaks 100, 
104, 106, 108 contain multiple collector voltage swings above 
the 5 volt threshold of the conventional peak detection circuit. 
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When the output transistor turns on (e.g., at point 102), the 

amplitude of the collector voltage rises, having an envelope 

slew rate greater than can be tracked by a conventional peak 

detection circuit - i.e., the conventional peak detection 

circuit cannot respond in time to prevent collector voltage 

swings above the 5 volt threshold. In the example of FIG. 1, 

the conventional peak detection circuit is unable to detect a 

collector voltage swing above the 5 volt threshold until 

approximately 4-5 nanoseconds after the collector voltage first 

exceeded the 5 volt threshold. The periodic, multiple collector 

voltage swings above the 5 volt threshold can lead to breakdown 

of the output transistor, and failure of the RF power amplifier. 

SUMMARY 

[0007] In general, in one aspect, this specification describes 
a protection circuit for a radio frequency (RF) power amplifier. 
The RF power amplifier is operable to receive an RF input signal 
and amplify the RF input signal. The RF power amplifier 
includes shunt circuitry operable to shunt an RF input signal to 
AC ground. The shunt circuitry includes a shunt switch operable 
to shunt the RF input signal to AC ground and release the RF 
input signal from AC ground, and control circuitry to control 
the shunt switch. The control circuitry includes ramp circuitry 
operable to control the shunt switch so that the shunt switch 
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gradually releases the RF signal from AC ground for input to an 

RF amplifier. 

[0008] Particular implementations can include one or more of 
the following features. The shunt switch can comprise a linear 
region MOSFET. The linear region MOSFET can be an NMOS 
transistor. The ramp circuitry can include an RC network. The 
shunt switch can gradually release the RF signal from AC ground 
exponentially. The ramp circuitry can release in accordance 
with a discharge of a capacitor in the RC network. The 
protection circuit can further include bias shutdown circuitry 
operable to shut off a bias voltage or a bias current being 
supplied to an output transistor of the RF amplifier. The 
protection circuit can further include peak detection circuitry 
operable to monitor an output voltage of the RF amplifier and 
provide a protection signal to the shunt circuitry and the bias 
I shutdown circuitry when the output voltage of the RF amplifier 

exceeds a threshold voltage level. The threshold voltage level 
can be programmable through the peak detection circuitry. The 
control circuitry can further include delay circuitry operable 
to delay the ramp control circuitry from gradually releasing the 
RF input signal from AC ground. The delay circuitry can include 
an RC network. 

[0009] In general, in another aspect, this specification 
describes an RF power amplifier. The RF power amplifier 

4 EXPRESS MAIL LABEL NO. 

EV 321 388 155 US 



Attorney Docket Number: MP0362 
Customer Number: 23624 

includes amplifier circuitry operable to amplify an RF input 

signal and provide an amplified RF output signal, and peak 

detection circuitry operable to monitor the amplified output RF 

signal and detect when the amplified output signal exceeds a 

threshold voltage level. .The RF power amplifier further 

includes a bias network operable to provide a bias to the 

amplifier circuitry and shut off the bias to the amplifier 

circuitry when the peak detection circuitry detects that the 

amplified output signal has exceeded the threshold voltage 

level . 

[0010] Particular implementations can include one or more of 
the following features. The bias network can be operable to 
further turn off an output transistor of the amplifier circuitry 
when the peak detection circuitry detects that the amplified 
output signal has exceeded the threshold voltage level. The RF 
power amplifier can further include shunt circuitry operable to 
shunt the RF input signal to AC ground when the peak detection 
circuitry detects that the amplified output signal has exceeded 
the threshold voltage level. 

[0011] In general, in another aspect, this specification 
describes a method for protecting an RF power amplifier from 
elevated output voltages. The method includes detecting an 
output voltage of an RF power amplifier exceeding a threshold 
voltage level, shutting off bias to an output transistor of the 
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RF power amplifier when the output voltage exceeds the threshold 

voltage level, and turning off the output transistor of the RF 

power amplifier when the output voltage exceeds the threshold 

voltage level . 

[0012] Particular implementations can include one or more of 
the following features. The method can further include shunting 
an RF input signal to the RF power amplifier to AC ground when 
the output voltage exceeds the threshold voltage level. The 
method can also include supplying bias to the output transistor 
and turning on the output transistor when the output voltage is 
reduced to a level below the threshold voltage level . The 
method can also include gradually releasing the RF input signal 
from AC ground when the output voltage is reduced to a level 
below the threshold voltage level, and delaying the gradual 
release of the RF input signal from AC ground until a time after 
the output transistor has turned on. The method can also 
include providing an asymmetrical control that quickly shuts off 
the power amplifier and gradually turns on the power amplifier 
at a gradual rate. 

[0013] In general, in another aspect, this specification 
describes a wireless transceiver. The wireless transceiver 
includes an RF power amplifier operable to amplify an RF input 
signal. The RF power amplifier includes amplifier circuitry 
operable to amplify the RF input signal and provide an amplified 
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RF output signal, and includes peak detection circuitry operable 

to monitor the amplified output RF signal and detect when the 

amplified output signal exceeds a threshold voltage level. 

The RF power amplifier further includes a bias network operable 

to provide a bias to the amplifier circuitry and shut off the 

bias to the amplifier circuitry when the peak detection 

circuitry detects that the amplified output signal has exceeded 

the threshold voltage level. 

[0014] Particular implementations can include, one or more of 
the following features. The wireless transceiver can be 
compliant with the following IEEE standards - 802.11, 802.11a, 
802.11b, 802. lie, 802. llg, 802. llh, 802. Hi, and 802.14. 

[0015] In one implementation, a power amplifier protection 
circuit is provided that can detect an output transistor voltage 
swing above a threshold voltage within a few cycles to prevent a 
periodic breakdown of an associated power amplifier. The power 
amplifier protection circuit features an asymmetrical control 
that can quickly shut off the power amplifier, and turn on the 
power amplifier at a steady, controlled rate. 

[0016] The details of one or more implementations are set forth 
in the accompanying drawings and the description below. Other 
features and advantages will be apparent from the description 
and drawings, and from the claims. 
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DESCRIPTION OF DRAWINGS 
[0017] FIG, 1 is a graph illustrating peak collector voltages 
for an output transistor of a power amplifier when a peak 
detector is used to protect against excessive collector 
voltages . 

[0018] FIG, 2 is a block diagram of an RF power amplifier 
including power amplifier circuitry, peak detection circuitry, a 
bias network, and RF input shunt circuitry, 

[0019] FIG. 3 is schematic diagram of a power amplifier circuit 
and a biasing network circuit. 

[0020] FIG. 4 schematic diagram of a RF input shunt circuit. 
[0021] FIG. 5 is a schematic diagram of a peak detection 
circuit . 

[0022] FIG. 6 is a graph illustrating collector voltages for 
the power amplifier circuitry of FIG. 2. 

[0023] FIG. 7 is a graph illustrating the collector voltages of 
FIG. 6 in greater detail. 

[0024] FIG. 8 is a process for protecting an RF power 
amplifier. 

[0025] FIG. 9 is a block diagram of a transmit path of a 
wireless transceiver . 

[0026] Like reference symbols in the various drawings indicate 
like elements. 
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DETAILED DESCRIPTION 
[0027] FIG. 2 illustrates an RF power amplifier 200. RF power 
amplifier 200 includes power amplifier circuitry 202 for 
amplifying an RF input signal (RF IN) 204 to provide an 
amplified RF output signal (RF OUT) 206. Power amplifier 
circuitry 2 02 can be implemented using transistors, for example, 
GaAs HBTs or SiGe bipolar transistors. Power amplifier 
circuitry 202 can also be implemented using CMOS transistor 
technologies and other transistor technologies,, including 
silicon and gallium nitrite. 

[0028] RF power amplifier 200 further includes a bias network 
2 08, peak detection circuitry 210, and RF input shunt circuitry 
212. RF input shunt circuitry 212 provides envelope slew rate 
control (of the amplitude of RF OUT 206) during continuous 
mismatch, as discussed in greater detail below. Bias network 
208 provides bias voltage and/or bias current 214 to power 
amplifier circuitry 202. Bias network 208 can be fixed or 
controlled to provide optimized amplifier operation and gain 
under normal conditions. Peak detection circuitry 210 monitors 
voltages of RF OUT 206. When a voltage level of RF OUT 206 
exceeds a predefined threshold, peak detection circuitry 210 
provides a protection signal 216 to bias network 208 and RF 
input shunt circuitry 212. The predefined threshold can be 
programmable, as discussed in greater detail below. 
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[0029] Bias network 208 responds to protection signal 216 by 

shutting off the bias voltage and/or bias current being supplied 

to power amplifier circuitry 202, and effectively turning off 

power amplifier circuitry 202. RF input shunt circuitry 212 

responds to protection signal 216 by differentially shunting RF 

IN 204 (or reducing the gain of amplifier 200) , RF IN 204 can 

be differentially shunted by shunting RF IN 204 to AC ground. 

When a voltage level of RF OUT 206 drops below the predefined 

threshold, protection signal 216 provided by peak detection 

circuitry 210 to bias network 208 and RF input shunt circuitry 

212 is released. 

[0030] A predefined time period after protection signal 216 is 
released, power amplifier circuitry 202 turns on and outputs RF 
OUT 206. To protect in a case of continuous mismatch, RF input 
shunt circuitry 212 contains a delay stage so that RF input 
shunt circuitry 212 continues to shunt RF IN 204 to AC ground 
until after power amplifier circuitry 202 has turned back on. 
Thereafter, RF input shunt circuitry 212 gradually releases RF 
IN 2 04 from AC ground at a controlled rate so that the amplitude 
of RF OUT 206 rises with an envelope slew rate that can be 
tracked by peak detection circuitry 210. 

[0031] FIG. 3 illustrates one implementation of power amplifier 
circuitry 202 and bias network 208. RF IN 204 is amplified by 
power amplifier circuitry 202 to produce RF OUT 206. Power 
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amplifier circuitry 202 generally includes a network of 

resistors, capacitors, and transistors represented by capacitor 

CI, resistor Rl, inductors LI, L2, and transistor Ql (i.e., the 

output transistor) . Power amplifier circuitry 202 also includes 

a matching network 300 to match an antenna load (e.g., 50 ohms) 

to a convenient impedance. As illustrated in FIG. 3, RF IN 204 

is delivered and controls transistor Ql . A DC bias is provided 

by bias network 208 through inductor LI. 

[0032] Bias network 208 is configured to provide an optimal DC 
bias to transistor Ql through inductor LI under normal operating 
conditions. Bias network 208 includes transistors Q2, Q3, a 
power voltage supply (VDD) , a current supply Ibias, resistor R2 , 
and capacitors C2, C3 . Transistor Q2 supplies a bias (base) 
current to transistor Ql through inductor LI. Resistors Rl and 
R2 are ballast resistors that ensure equal current distribution 
to transistor Ql. 

[0033] Bias network 208 further includes transistors Ml and M2 
to turn off transistor Ql and to shut off the bias (base) 
current being supplied to transistor Ql, in response to 
receiving protection signal 216. Transistor Ml, in the presence 
of protection signal 216, couples the base node of Ql to ground. 
Transistor M2, in the presence of protection signal 216, couples 
the base node of Q2 to ground. When RF OUT 2 06 drops below the 
predefined threshold, the base nodes of transistors Ql and Q2 
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are released (i.e., transistors Ml and M2 are turned off). 

Transistors Ql and Q2 turn back on after capacitors C2 and C3 

have charged to the threshold voltage of transistors Ql and Q2 , 

respectively. 

[0034] FIG. 4 illustrates one implementation of RF input shunt 
circuitry 212. RF input shunt circuitry 212 operates under 
control of peak detection circuitry 210. In a case of 
continuous mismatch, RF input shunt circuitry 212 shunts RF IN 
204 to AC ground for a predefined time period (e.g., until 
transistor Ql turns on) . Thereafter, RF input shunt circuitry 
212 gradually releases RF IN 2 04 from AC ground at a controlled 
rate so that RF OUT 2 06 has an envelope slew rate that can be 
tracked by peak detection circuitry 210. 

[0035] In one implementation, RF input shunt circuitry 212 
includes an inverter stage 400, a delay stage 402, a buffer 
stage 404, a ramp control stage 406, and a shunt switch 408. 
Delay stage 402 provides a first delay for a predefined time 
period (e.g., a delay time long enough for transistor Ql to turn 
on) . Ramp control stage 406 provides a variable input voltage 
to shunt switch 408, and in response shunt switch 408 gradually 
releases RF IN 2 04 from AC ground, as discussed in greater 
detail below. 

[0036] In one implementation, inverter stage 400 includes a 
pull-up PMOS transistor 410 and a pull-down NMOS transistor 412. 
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In one implementation, delay stage 402 includes a pull-up PMOS 
transistor 414 and a pull-down RC network 416. In one 
implementation, buffer stage 404 includes a pull-up PMOS 
transistor 418 and a pull -down NMOS transistor 420. In one 
implementation, ramp control stage 406 includes a pull-up PMOS 
transistor 422 and a pull-down RC network 424.^ In one 
implementation, shunt switch 408 is formed by two linear region 
NMOS transistors 426 and 428. Shunt switch 408 can also be 
formed of PMOS transistors or an NMOS/PMOS transmission gate. 
[0037] When protection signal 216 is asserted, inverter stage 
400 outputs a low voltage signal 430 to delay stage 402. PMOS 
transistor 414 turns on, and delay stage 4 02 outputs a high 
voltage signal 432 to buffer stage 404. NMOS transistor 420 
turns on, and buffer stage 404 outputs a low voltage signal 434 
to ramp control stage 406. PMOS transistor 422 turns on, and 
ramp control stage 4 06 outputs a high voltage signal 436 to 
shunt switch 408. NMOS transistors 426 and 428 of shunt switch 
408 turn on and shunt RF IN 204 to AC ground (i.e., the 
differential signals of RF IN 204 are tied together) 
[0038] When peak detection circuitry 210 releases protection 
signal 216, PMOS transistor 410 turns on and inverter stage 400 
outputs a high voltage signal 430 to buffer stage 404. PMOS 
transistor 414 turns off and pull-down RC network 424 pulls the 
output (signal 432) of delay stage 4 02 to ground after a 
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predefined time (e.g., after capacitors C2 and C3 have charged 
to the threshold voltage of transistors Ql and Q2, 
respectively) . PMOS transistor 418 turns on when RC network 424 
pulls the output of delay stage 402 to ground, and buffer stage 
404 outputs a high voltage signal 434 to ramp control stage 406. 
PMOS transistor 422 turns off, and the output of ramp control 
stage 406 (signal 436) exponentially falls to zero (according to 
an RC time constant of RC network 424) . As the output of ramp 
control stage 406 exponentially falls to zero, shunt switch 408 
gradually releases RF IN 204 from AC ground. 
[0039] FIG. 5 shows an implementation of peak detection 
circuitry 210. Peak detection circuitry 210 detects collector 
voltages exceeding a predefined threshold. Peak detection 
circuitry 210 includes transistors M3 through M5, resistors R3 
through R5, a capacitive divider 500, bipolar transistors Q4, 
Q5, a Schmidt trigger 502, and a buffer 504. 
[0040] RF OUT 2 06 (or the collector voltage of output 
transistor Ql) is AC coupled and divided down. For example, RF 
OUT 206 can be divided down with 1:5 ratio using capacitive 
divider 500. Peak detection circuitry 210 can sense a signal 
(e.g., RF OUT 206) that is larger than a supply voltage 
associated with peak detection circuitry 210. The divided down 
signal is then passed to sources of transistors M3 and M4 . 
Transistors M3 and M4 are PMOS transistors, each having an 
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n-well tied to a respective source. An identical transistor M5 
biases the gates of transistors M3 and iyi4 . An NMOS current 
mirror 506 forces an equal current (e.g., 6mA) through the M3-M4 
branch and M5 branch; however, transistors M3 and M4 only- 
conduct when a gate- source voltage (Vgs) of transistors M3 and 
M4 is larger than a Vgs of transistor M5. 

[0041] The sources of transistors M3 and M4 are biased using a 
DC level shift from the supply. In one implementation, the DC 
level shift value is programmable, and controlled by a 3 -bit 
programmable current source 504. Programmable current source 
504 passed a programmable current through resistor R3 to 
generate a variable DC voltage drop at node 508. The variable 
DC voltage drop is used to bias the source of transistors M3 and 
M4 through resistors R4 and R5, respectively. 

[0042] If the divided down swing of RF OUT 206 (i.e., the 
collector voltage) is larger than the DC voltage drop across the 
bias resistor (i.e., resistors R3 or R4) , then the Vgg of 
transistor M3 or M4 will be greater than the Vgg of transistor 
M5, and transistor M3 or M4 conduct current. This results is a 
nominally zero voltage on the drain of transistors M3 and M4 to 
rise. The rise of the drain voltage of transistors M3 and M4 
are detected by Schmidt trigger 502. The output of Schmidt 
trigger 502 can be buffered through buffer 504 and sent as 
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protection signal 216 to bias network 208 and RF input shunt 

circuitry 212 . 

[0043] The separate n-wells of transistors M3 and iyi4 are tied 
to their respective sources to avoid turning on the source-bulk 
junction diode when the source swings above VDD. This however, 
may cause a problem when a voltage on the drains of transistors 
M3 and M4 rise, as the common source and substrate node on 
either transistor M3 or M4 can swing below the drain voltage due 
to a large collector output voltage. This conflict can be 
resolved by limiting the voltage on the drain of transistors M3 
and M4 using two series diode -connected bipolar transistors Q4, 
Q5. Bipolar transistors Q4 , Q5 limit the drain voltage of 
transistors M3 and M4 to, for example, 1.6 volts, and prevent 
the drain-bulk diode from turning on. 

[0044] FIG. 6 illustrates a controlled collector output voltage 
in a case of continuous mismatch, for an output transistor of an 
output device. In the example of FIG. 6, the power supply 
voltage is 3 volts. Collector output peaks 600 and 602 do not 
contain multiple collector voltage swings above the 5 volt 
threshold. The amplitude of the collector voltage, represented 
by envelopes 604, 606, rises with a slew rate that can be 
tracked by a peak detection circuit, for example, peak detection 
circuitry 210. 
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[0045] FIG. 7 illustrates envelope 606 in greater detail. 
Referring now to FIGS. 3, 4, and 1, at point 700, the base node 
of transistor Ql is pulled to ground and bias being supplied to 
transistor Ql is shut off. In addition, shunt circuit 408 
shunts RF IN 204 to AC ground. At point 702, transistor Ql ' 
turns back on, and in the case of continuous mismatch, the 
amplitude of the collector voltage for the output transistor 
begins to rise sharply. However, the amplitude of the collector 
voltage does not approach the 5 volt threshold because shunt 
switch 408 continues to shunt RF IN 204 to AC ground. At point 
704, RC network 424 pulls the output of RC delay stage 402 to 
ground. Thereafter, shunt switch slowly releases RF IN 204 from 
AC ground at a controlled rate, and as a result envelop 606 
rises having a slew rate that can be tracked by a peak detection 
circuit. In the example of FIG. 7, a peak detection circuit can 
respond to a collector voltage that exceeds a predefined 
threshold voltage within 1 nanosecond. 

[0046] Fig. 8 shows a process 800 for protecting an RF power 
amplifier. A collector voltage exceeding a predefined threshold 
is detected (step 802) . The output transistor is turned off 

(step 804) . Bias (voltage and/or current) being supplied to the 
output transistor is shut off (step 806) . An RF input signal to 
the RF power amplifier is shunted to AC ground (step 808) . 
After steps 804-808 occur, the collector voltage is reduced to a 
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level below the predefined threshold. Once the collector voltage 
is reduced, bias is supplied to the output transistor, and the 
output transistor turns on (step 810) . The RF input signal is 
gradually released from AC ground at a controlled rate (step 
812) . In one implementation, the RF input signal is released 
from AC ground after the output transistor turns on. By 
shunting the RF input signal to AC ground until after the output 
transistor turns on, the amplitude of the collector voltage does 
not rapidly exceed the threshold voltage (e.g., in a case of 
continuous mismatch) , as the gain of the RF power amplifier is 
reduced. As the RF input signal is gradually released from AC 
ground, the amplitude of the collector voltage rises having a 
slew rate that can be tracked by a peak detection circuit . 
[0047] RF power amplifier 200 (FIG 2) can be employed in a wide 
range of applications, for example, in a wireless transceiver 
900 for communicating information, as shown in FIG. 9. The 
transmit path of wireless transceiver 900 includes RF power 
amplifier 200 for amplifying a power level of a frequency 
modulated signal. RF power amplifier 200 includes bias network 
208, peak detection circuitry 210, and RF input shunt circuitry 
212. A mixer 902 combines an RF LO (local oscillator) signal 
904 with a baseband signal 906 to produce a modulated RF signal 
908. An RF gain amplifier 910 amplifies modulated RF signal 908 
to produce an amplified RF signal 912. Power amplifier 200 
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further amplifies a power level of RF signal 912 to produce an 

amplified signal 914. A filter 916 removes distortions caused 

by amplification of RF signal 912 and produces a transmission 

signal 918 having a suitable frequency band for transmission. 

Transmission signal 918 is transmitted through antenna 920. 

Wireless transceiver 900 can be IEEE 802 compliant with the 

following standards 802.11, 802.11a, 802.11b, 802. lie, 802. llg, 

802. llh, 802.111, and 802.14. 

[0048] A number of implementations have been described. 
Nevertheless, it will be understood that various modifications 
may be made without departing from the spirit and scope of the 
invention. For example, RF input 2 04 can be a single -ended 
signal as well as a differential signal. Accordingly, other 
implementations are within the scope of the following claims. 
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